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Assignment 5

In this assignment you have a chance to apply perturbatiearyhto the quasi-1D
hydrogenic states of an electron bound to the flat surfadgutihelium. There are efforts
underway to exploit these states in the design of a quantunpuater. This assignment is
due Monday, October 1, in lecture.

1. The first order of business is to understand the qubitseoptbposed quantum com-
puter. In this scheme, electrons are electrostaticallyhddo the surface of a thick
helium film.

(a) Make a sketch of the electric field lines of a negative pdiarge (electron)
suspended above a uniform dielectric medium (liquid he)itmthe region of space
z < 0. There are no free charges in the dielectric medium, onlycéed surface
chargesWithout actually doing the calculation, convince yoursetlfthat the source
of an effective attraction of the electron to the surfacehef dielectric could be an

image charge, resulting in a potential of the foiifz) = —X\e?/2. A detailed
calculation gives\ = (e — 1) /4(e + 1), wheree = 1.057 is the dielectric constant of
liquid helium.

(b) Find the ground state and first excited state wavefunstamd energies of an
electron in the above potential. This is a one dimensioradlpm, since the electron
is in a zero-momentum plane wave state with respect to tne\tesise coordinates.
As in the electron bubble of assignmenttde electron wavefunction vanishes at
the helium surface. Describe the relationship between the wavefunctionsisfitb
problem and the wavefunctions of the 3D hydrogen atom (§pecand/ values).
What is the effective Bohr radius (i&) for electrons on helium?

The ground and first excited states are the basis sféitesd|1) of a qubit in the
proposed quantum computer.

2. By applying an electric field perpendicular to the heliunface, the energies of the
basis states of a qubit can be finely tuned.

(a) Find the frequency (in Hz) of the transition between the) and|1) states
in the absence of an electric field.

(b) Use perturbation theory to find the shift in frequency feld strength,
Av/E, (in Hz per Volts/cm).

1Take a peek into your favorite electrodynamics textbook.
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3. Below is a cartoon of the quantum computer layout propbydelatzman and Dyk-
man:
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Shown are two qubits: electrons hovering over the surfadeebéim and laterally
localized by two gate electrode posts below the helium serfa he transition fre-
guenciesAr; and Ay, can be precisely tuned to the same value by adjusting the
potential difference between the ground plaig and the postsl( andV5)?.

The two qubits interact (to carry out a quantum logic opergtihrough the weak
dipole-dipole coupling of their electrons’ charge distitibns:

Hint = )\—(21 - Zo)(ZQ - ZQ) .

As shown in the diagran®; is the separation of the electrons, andz, are the ver-
tical displacements of the electrons relative to the orgjithe multipole expansion,
z0. The actual value of; is not needed for this exercise (a natural definition is the
vanishing of the dipole moment in the ground staf@l(z; — z)|0) = 0). Thee-
dependent numbe is very close to 1 for the weakly dielectric environment of th
two dipoles.

(a) For perfectly tuned gate potentials, the two excitetesta)|0) and|0)|1) of
the two-qubit system are exactly degenerate. Evaluate #texelements off;,; in
this basis of degenerate states.

(b) For the qubit separatioR = 1 micron, calculate the oscillation frequency of
the weakly interacting two qubit system. What time is regdifor the statél)|0) to
evolve into|0)|1)?

2This is to compensate for frequency shifts caused by sméérdices in the trapping fields due to
imperfections in the nanofabricated posts.



